intrinsic in its atmospheric concentration and its variations. In addition to the globally averaged concentration and the annual rate of increase, additional source/sink information is contained in the north-south gradient and seasonal variations. Also, because each source or source group has a distinctive signature in 13C, inc and deuterium, the geographic and temporal variations in the composition of these isotopes provide additional quantitative constraints on the budget of methane. Thus an indirect approach to study the atmospheric methane cycle would employ models of varying complexity to test the consistency between atmospheric methane variations and hypotheses about the sources and sinks. These models include globally averaged, height-dependent photochemical models for investigating the changing balance between sources and sinks [e.g., Chameides In this study, we present a synthesis of the global methane cycle in an attempt to derive a justified global budget of methane for the 1980s. Variations of methane and its isotopic composition in the atmosphere (section 2) are used to constrain hypotheses about the sources and sinks. We have embarked on an effort to map the geographic and seasonal distribution of all the major sources of methane. For a few of the sources (for example, wetlands) there is some information about their strengths as well as geographic distributions; while for other sources (for example, natural gas venting), geographic distribution can be deduced but direct estimates of the global source strength are difficult. A global three-dimensional tracer transport model (section 3) is used to simulate the atmospheric methane response to each of the sources and sinks (section 4). Candidate budgets that satisfy all the constraints (section 5) are Table 1 . This data set possesses several features crucial for the global simulations carried out in this study. First, the number of sampling sites is large and the sites are distributed widely over the surface of the Earth. Second, the frequency of flask sampling (approximately weekly) ensures that the major features of the seasonal variations are adequately defined. And third, the high precision (-0.2%) of the measurements and the fact that all flask samples are referenced against a single, well- 1986-1987 1984-1987 1984-1987 1984-1987 1984-1987 1984-1987 1984-1987 1985-1987 1984-1987 1984-1987 1984-1987 1984-1987 1984-1987 1984-1987 1984-1987 1984,1985,1987 1984-1987 1984-1987 1984-1987 1 gridbox south; AS1 defined methane calibration scale provides confidence that the concentration gradients indicated by the data, and which we are attempting to simulate, are real. Full details of the methodologies used for obtaining methane concentrations from the NOAA/CMDL network, and the first 2 years of data, have been described by Steele et al. [1987] . Further details and additional data can be found in the works of Lang et al. [1990a, b] . The NOAA/CMDL methane data are also available as a numeric data package [Steele and Lang, 1991] .
Methane data covering the 4-year period 1984-1987 are used in this work. For 16 of the 19 sites a complete 4-year record is available. Because of some gaps in the flask record, there are only three complete years (1984, 1985, 1987) of data for PSA (65øS) (cf. Table 1 The first feature of the methane data is the annual mean concentration at each site, averaged over the period of observations. To derive this quantity we first calculated, for each site, the annual mean concentration for each calendar year as the arithmetic mean of the monthly average values. Each monthly average concentration is itself the arithmetic mean of the individual flask values for that month [see Steele et al., 1987] . Then to obtain the average annual mean concentrations for the period, the long-term growth rate of atmospheric methane must be removed from the data. To a very good approximation, the globally averaged growth rate of methane during this 4-year period was identical to the growth rate observed at SPO (90øS). Thus we subtracted the year-to-year growth increments seen at SPO from the annual means at each site, effectively normalizing all of the data to the annual average concentration measured at SPO in 1984. At all of the sites except for SPO, this procedure results in a set of detrended annual means which may then be averaged to obtain the average and standard deviation of the annual mean concentration.
The other feature derived from the data set is the average seasonal variation of atmospheric methane over a full year at each site. The procedure adopted here is the same for each site.
The time series of monthly average methane concentrations were used to calculate 12-month running mean values. A least squares linear fit to the 12-month running Table I for a discussion of the data used. February, with a peak-trough amplitude of -30 ppbv. At the northern hemisphere middle-to high-latitude sites, methane appears to show a complex double maximum in the year. It is clear that the average seasonal cycle is both simpler and better defined in the southern hemisphere than at most of the northern hemisphere sites. The annual mean concentrations and seasonal cycles averaged over the 4 years are given in 
THREE-DIMENSIONAL ATMOSPHERIC TRACER

TRANSPORT MODEL
The study of tracer distributions using a three-dimensional global general circulation model (GCM) was pioneered by Mahbnan cmd Moxim [1978] . The tracer transport model employed in this study [Russell and Lo?•er, 1981] uses winds generated from the GCM at the Goddard Institute for Space Studies (GISS) There is a problem in the location of the Intertropical Convergence Zone in the Atlantic Ocean in the GCM Rind, 1988, 1989 ] that affects the simulation at ASC (8øS).
While ASC is observed to be influenced by southern hemisphere air, it is in the northern hemisphere circulation regime in the model. Since there is little latitudinal gradient in methane concentrations in the southern hemisphere [Steele et al., 1987] , the model results for the gridbox southward of ASC are used. In this way, interpretation of the methane simulations is not obfuscated by deficiencies in the meteorology in the GCM.
METHANE SOURCES AND SINKS AND THEIR
ATMOSPHERIC SIGNATURES
A first step in using the geographic variation of atmospheric methane to infer sources and sinks is some knowledge of the patterns of the sources and sinks themselves. We have compiled, at 1øxl ø resolution for the globe, a series of digital data bases of land surface characteristics and parameters important for the study of biogeochemical cycles. The primary data bases include vegetation and land use [Matthews, 1983] , soils [Zobler, 1986] See For this study we modeled both emission seasons and emission rates based on the climatology of monthly surface air temperatures (Ts) and precipitation [Shed, 1986] 
Landfills
Anaerobic environments may be found in landfills that are several years old. Decomposition of biodegradable organic material in these landfills produces carbon dioxide and methane which may escape to the atmosphere. Bingeruer and Crutzen [1987] have made a survey of the production of municipal and industrial waste and the biodegradable carbon content of the waste. Assuming that the methane proportion of landfill gas is constant and that all the methane in landfill gas escapes to the atmosphere, they estimated the global production of methane in landfills to be 30-70 Tg CH4/Yr. The amount of methane that escapes to the atmosphere may vary from site to site, and may depend on, inter alia, the carbon content of the landfill and the porosity of the cover. Explosive levels of methane have been found at some sites (C. Moore, personal communication, 1988), while undecomposed organic material is found at others [Rathje, 1989] . Methane consumption in landfill cover soil also reduces the emissions [Whalen et al., 1990] . Bingeruer and expect the emission estimates to be lower than the production estimates of 30-70 Tg. Most of the methane from landfills is from North America, where both the per capita production of municipal solid waste and the biodegradable fraction of the waste are high.
We combined our global data base on human population densities with per capita statistics on biodegradable carbon given by Bingeruer and Crutzen [1987] for different regions to produce a global map of methane emission from landfills. For comparison with other sources, a global source strength of 50 Tg/yr is used in experiment LF.
The atmospheric methane distribution resulting from this source is shown in Figure 2g . Because of the high production of biodegradable carbon, surface methane concentrations are >30 ppbv above the surface mean over the large population 
Natural Gas Production
In 1984 global gross production of natural gas was 71,963 billion cubic feet and marketable production was 62,382 billion cubic feet [U.S. Department of Energy, 1986a]. Methane content of natural gas is on average 90% and so the marketable production figures are equivalent to -1200 Tg CH4/Yr. Thus any escape of natural gas during production and consumption processes may be a significant source of atmospheric methane. Natural gas can escape during several production stages, the most significant of which is associated with venting at oil and natural gas wells. Other venues such as escape during field exploration, waste at field use, and leakage from abandoned wells and coal mines are largely undocumented and assumed here to be of little economic value and therefore negligible.
We mapped the global distribution of natural gas production using production statistics 
Hydrates/Clathmtes
The potential release of methane from hydrates/clathrates is highly uncertain. While methane hydrates are known or inferred to be found on the continental shelf at all latitudes [Kvenvolden, 1988] , it is generally hypothesized that those hydrates located in the Arctic, in particular the offshore permafrost, are subject to destabilization due to climate warming [Bell, 1983; Revelle, 1983; Kvenvolden, 1988] .
To test the atmospheric methane signature from such a source, we simulated the atmospheric methane distribution in response to two hypothetical methane sources in the Arctic. the inherent feedbacks in the OH-CH4-CO system [Sze, 1977] where high values of CH 4 and CO depress OH concentrations. Thus we estimate that errors in the total budget or in the latitudinal and seasonal patterns of CH 4 presented here under the assumption of fxxed losses are less than 5% of the calculated signal (for example, the seasonal amplitude at high Table 5 
Experiment HV distributed 10
N and S latitudes is 40+_2 ppbv). The distribution of chemical loss of CH 4 is summarized in
Other Sources and Sinks
We have not carried out three-dimensional simulations for scenarios of several methane sources and sinks that are extremely poorly known or whose contribution to geographic and intra-annual variations may be very small. 'l"hese sources/sinks include (1) oceans and lakes [Ehhalt, 1974] Table 3 . Rj for each source was selected from within the measured range to satisfy Equation (6).
Seven candidate budget scenarios are listed in Table 6 . Figure 9b shows also a large decrease of methane over Greenland and Antarctica. This is an artifact of using concentrations at layer 7, which represent in these regions stratospheric air with very low methane concentrations.
There are very few methane profries to support the modeled vertical distributions. The only long time series aircraft data available for the period of investigation here are the CSIRO aircraft data over Southeast Australia [Fraser et al., 1986a] . The data show that, averaged over 1979-1984, the annual mean concentration of methane increases by -6 ppbv from the surface to 3.5-5.5 kin, and by another -9 ppbv from 3.5-5 to -7-10 kin. This is in reasonable agreement with the modeled increases of -5 and --10 ppbv shown in Figures 9a and 9b Detailed mapping of the locations of the sources and sinks was carried out using available information on vegetation, mils, land use, and economic statistics. The most important natural source is wetlands, and our previous work presented a detailed compilation of wetland distribution using vegetation, mils, and inundation information. Because of their economic importance, the distribution of rice cultivation areas, animal populations, coal mines, and natural gas wells can be derived from national and global land use and energy atlases and statistics. Similarly, we assumed that landf 'all sizes and natural gas consumption within a count• or political unit are proportional to the human population density within the unit and thus can be mapped using the distribution of population density. We consider these distributions to be fairly well known, although we have no measure to express our confidence quantitatively. While it is generally acknowledged that biomass burning occurs mainly in the tropics, the areal extent, intensity and other characteristics of the fires are not known on a global, annual basis. We assumed that this source is colocated with the sources of CO 2 from deforestation and land-use modification. The information on termite populations and soft absorption is highly speculative, and these sources/sinks are crudely mapped based on their association with vegetation.
Over haft of the surface sources/sinks were assumed to be constant through the year. For the seasonal sources the timing of the emissions was either derived directly from available statistics (rice cultivation) or modeled using climate information (wetlands, biomass burning).
There are far from enough field measurements to attempt a specification, on a global basis, of the magnitude and timing of the methane fluxes at each location for each source/sink. The only poss•le exception is emissions from ruminants and other domestic animals. Because methane production in these animals is considered energy wastage in commercial animal husbandry, methane fluxes from animals, at least in developed economies, are among the best known in the methane cycle. The methane budget cannot be uniquely deemed using the data currently available. We presented six global methane budget scenarios that appear to satisfy all the constraints imposed by the atmospheric observations. While a single scenario cannot be selected objectively from the suite, we prefer scenarios with a low fraction of fossil sources as we demand Thus while we have a preferred budget scenario, the supporting evidence for some of the terms is weak and the scenario may be revised when we learn more about the treatment and fate of natural gas at the wells.
In summary, we prefer scenario 7 as the most likely budget. This scenario comprises an annual destruction of 450 Tg by OH oxidation and 10 Tg by soil absorption, and an annual emission of 80 Tg from fossil sources, 80 Tg from domestic animals, and 35 Tg from wetlands and tundra poleward of 50øN. Emissions from landf'dls, tropical swamps, rice fields, biomass burning, and tenTLites total 295 Tg; however, the individual contributions of these terms cannot be determined uniquely. This budget is preferred for the following reasons. First, the methane lifetime corresponds to a CH3CCI 3 lifetime of 6.3 yr [Prinn et al., 1987] and is consistent with the lower rate coefficient derived recently •t•cVaghjiani and Ravishankara [1991] . Second, the total -free emission, the lowest of all the scenarios investigated, is consistent with that from direct estimates, even though the direct estimates are based on very sparse information. Third, we note that this scenario also matches successfully the northsouth and seasonal variation of 613CH4 in the atmosphere reported by Qua), et al. [1991] .
Large uncertainties exist, in particular, about tropical and subtropical sources (rice, biomass burning, swamps, and termites), which make up > 50% of the total sources. Data available as yet are too scanty to be organized into any systematic framework to quantify emissions on a global scale: the measured fluxes span orders of magnitude, and there is no clear way to rank the different factors found to impact emissions.
The analysis suggests a priority of measurements for defining and refining a global methane budget:
1. OH oxidation of methane in the troposphere is the largest single term in the global methane budget; it defines the total source strength. Narrowing the uncertainties in the magnitude and distn'bution of this term must be of prime importance. 3. There must be an expanded measurement program to understand the controls and causes of variability of the methane fluxes found in the tropics. This is particularly important for emissions from rice fields and from biomass burning, two terms likely to play an important role in the increasing abundance of methane in the atmosphere.
4. Because of the variability found in the direct 
